Many multidomain proteins contain disordered linkers that regulate inter-domain contacts, and thus the effective concentrations that govern intra-molecular reactions. Effective concentrations are rarely measured experimentally and therefore little is known about how they relate to linker architecture. We have directly measured the effective concentrations enforced by disordered protein linkers using a new fluorescent biosensor. We show that effective concentrations follow simple geometric models based on polymer physics, offering an indirect method to probe the structural properties of the linker. The compaction of the disordered linker depends not only on net charge, but also on the type of charged residues. In contrast to theoretical predictions, we found that polyampholyte linkers can contract to similar dimensions as globular proteins. Hydrophobicity has little effect in itself, but aromatic residues lead to strong compaction likely through p-interactions. Finally, we find that the individual contributors to chain compaction are not additive. This work represents perhaps the most systematic study of the relationship between sequence and structure of intrinsically disordered proteins so far. A quantitative understanding of the relationship between effective concentration and linker sequence will be crucial for understanding disorder-based allosteric regulation in multidomain proteins.
I3 platereader using donor excitation at 500nm, and emission detected in 25nm-wide bands centered at 535 and 600 nm. The titration data was analyzed by non-linear fitting in MATLAB to the standard fitting equation for 1:1 binding reactions with Kd replaced by ce,app: For titration with the WT MBD2 peptide, this determines an "apparent effective concentration", which was multiplied by the affinity ratio of the wild-type and mutant peptides to produce the true effective concentration. The correction factor was established to be 30 by titration of the fusion protein containing the GS120 linker with the V227A MBD2 peptide.
Results:
Reporter design. We designed a fusion protein inspired by FRET biosensors 33 to measure effective concentrations for different linker architectures. An exchangeable linker joins two protein domains that form an interaction pair. These domains are flanked by the fluorescent proteins mClover3 and mRuby3, which form a FRET pair 34 (Fig. 1A) . When the intra-molecular complex is formed, the fluorescent proteins are brought into close contact resulting in efficient FRET. The effective concentration is measured by following the FRET efficiency in a titration, 11 where a free ligand displaces the intra-molecular interaction. The ideal interaction pair is small, has a known 3D structure, is easy to produce in E. coli and binds tightly to ensure full ringclosing. Furthermore, in the bound state the N-terminus of one protein should be close to the C-terminus of the other and vice versa. This ensures a high FRET efficiency in the closed state and allows even a short linker to join the domains without strain. These constraints are ideally fulfilled by an anti-parallel heterodimeric coiled-coil such as the complex between MBD2 and p66a used here ( Fig. 1B ). 35
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The fusion proteins have purification tags at both the N-and C-termini to allow parallel purification of many constructs by sequential affinity chromatography. After purification, SDS-PAGE revealed a major band corresponding to the expected molecular weight of the fusion protein (Fig. 1C ). The four minor bands corresponded to proteolytic cleavage in the mRuby3 domain as revealed by mass spectrometry. These bands could not be removed by gel filtration.
This suggests that the cleaved fluorescent proteins remain in a stable complex, although it is not clear whether it is fluorescent. A fraction of inactive fluorophores will decrease the FRET amplitude, but will not affect the mid-point of the titration and the measurements of effective concentrations.
Measurement of effective concentration. Fusion proteins were initially constructed with linkers consisting of (GS)n repeats ranging from 20 to 120 residues. A 240-residue GS-linker was also tested, but resulted in insoluble protein. Titration of all constructs with free WT MBD2 peptide resulted in a sigmoidal decrease of the proximity ratio ( Fig. 2A) where the titration midpoint moved to lower concentrations with increasing linker length. Simultaneously, the proximity ratio of the post-titration baseline decreased with linker length consistent with a more expanded open form (Fig 2A) . Across the whole dataset, the pre-and post-transition proximity ratios varied unsystematically, which we believe was due to small differences in fluorophore maturation. This complicated the determination of intra-molecular distances from FRET values, and therefore we only extracted the midpoint of the titration.
Fitting of titration data requires the concentration of the free ligand to exceed the mid-point by a factor of ten. This is impractical for effective concentrations that were expected to reach the millimolar-range. Therefore, the fusion proteins contained a weakened mutation of MBD2, and were titrated with WT MBD2 peptide. This shifted the midpoint by the ratio between WT and mutant affinities, which subsequently was applied as a correction factor. To determine the correction factor, we titrated the fusion protein with the GS120 linker with both WT and mutant peptide (Fig. 2B ). The titration midpoint was shifted by a factor of 30, which was applied to the titration midpoint of all variants to produce the effective concentration. As it was impractical to prepare competitor peptides for each linker composition, we used the titrant peptide with a flanking GS-segment for all other linker compositions. As the flanking linker residues may affect The effective concentration scales with linker length following a power law as shown by the straight line in Fig. 2C . Notably, this conclusion does not require any assumptions of the distribution of the linker conformations. Relative to one binding partner, geometric considerations suggest that the volume accessible to the other partner scales with the linker length with an exponent of 3n ( Fig. 2D) . Accordingly, the effective concentrations should scale with an exponent of -3n. Fitting of effective concentrations from the GS-linker series gave a scaling exponent of -1.46 corresponding to a n of 0.49. The GS-linker is a polar tract in a recent systematic classifications, 28 and is thus expected to form a relatively compact globules due to backbone interactions. 36 Accordingly, the GS-linker was slightly more compact than denatured proteins 37 and IDPs. [21] [22] [23] The excellent agreement with a power law and scaling exponent of approximately -3n suggested that it is valid to estimate effective concentrations based on geometric considerations.
Variation of the linker sequence. The excellent agreement with a power law suggested that effective concentrations could be used to probe the sequence-compaction relationship of IDPs.
To probe how the effective concentration depends on linker sequence, we systematically varied the properties that were likely to affect linker compaction: charge, ampholyte strength, rigidity, hydrophobicity and aromaticity. We systematically increased the net charge of the linker by introduction of charged residues into a GS-linker. All linkers used here have a uniform pattern through-out the sequence (Fig. 3A) , which allows linkers of different lengths to be described by a single scaling exponent. For each linker composition, we generated linkers with a total of 20, 40, 60 and 120 residues, and measured the effective concentrations through titration experiments. In a few case near the limit of solubility, the longest linker was shortened to 80 residues or the series only contained the three shorter linkers (Table S1 ). Each linker composition followed a power law as illustrated for linkers containing glutamate residues (Fig.   3B, Fig. S1 ). Both the pre-factor and the scaling exponent from the fit varied with linker composition. The variation of the pre-factor may be due to mis-match of the correction factor, so in the following we concentrate on the scaling exponent that reports on linker compaction.
Are all charged residues equal?
To test if all charged residues affect linker compaction equally, we measured effective concentrations for linkers containing increasing amounts of the four charged residues. For each residue-type, increased net charge per residue lead to chain expansion (Fig. 3C ). Glutamate and aspartate caused an equal expansion: The scaling exponent changed gradually from -1.46 (n=0.49) in the uncharged linker to ~-2.1 (n=~0.7) at a net charge per residue of 0.2. The scaling exponent did not increase further with increasing net charge suggesting an upper limit that linker does not expand beyond. This limit corresponds to the n previous observed for highly charged IDPs. 24 Lysine-containing linkers initially followed the expansion of negatively charged linkers, but continues up to a scaling exponent of ~-2.4 (n=~0.8). This is higher than the n-values reported for any other disordered protein. In contrast, arginine-containing linkers have the opposite effect: Residue fractions up to 0.1 had the same scaling exponent as GS-linkers. At higher fractions, the scaling exponent increased, but did not reach the same expansion as the other residue types even at the highest fractions permitted by solubility. This demonstrated that charged residues types have a different impact on IDP compaction.
Polyampholyte linkers. Most IDPs are polyampholytes, which entails that chain compaction is determined by the balance between attractive and repulsive interactions. To investigate the effect of ampholyte strength, we created linkers with equal numbers of glutamate and arginine residues. At low fractions of charged residues, the scaling exponent was roughly constant, but there appeared to be a threshold after which the chain contracts dramatically (Fig. 4A ). The last Note: This is a pre-print, and has not yet been peer-reviewed! Copyright by the authors.
C. S. Sørensen & M. Kjaergaard (2019) www.biophysics.dk -10 -data point at a fraction of charged residues of 0.67 suggested a scaling exponent of -1 (n=0.33), which is the same compaction as globular protein. This observation agrees qualitatively with the contraction caused by screening of charges in a polyampholyte, 38 but contradicts the diagram-of-states representation of IDP classes. 28, 29 The effect of chain rigidity. The rigidity of IDP backbone is mainly determined by the fraction of proline and glycine residues. ¨The baseline GS-linker is highly flexible, and we therefore increased rigidity by introducing proline residues (Fig. 4B ). The scaling exponent increased to a plateau at ~-1.7 (n = ~0.57), which is reached at a proline fraction of 0.1, which is similar to the dimensions of chemically denatured proteins. 37 Proline thus expanded the linker to a lesser extent than charged residues in agreement with previous studies. 21 Unlike the other series tested here, the expansion with increasing proline content appeared non-monotonic. This could At low fractions of proline residues, proline residues lead to linker expansion, which may be reverse at high proline fractions. C) Hydrophobicity was increased by introduction of leucine residues, but lead to practically no change in chain compaction. D) Tyrosine residues lead to strong compaction, likely due to p-interactions. Error bars are 95% confidence intervals estimated from the fit.
